INTRODUCTION
============

Beraprost sodium (BPS) is a stable, orally active prostacyclin (PGI2) analogue with vasodilatory, antiplatelet, and cytoprotective effects \[[@B1]\]. Through these effects, BPS appears to be an effective agent in the treatment of patients with pulmonary arterial hypertension, Buerger\'s disease, and arteriosclerosis obliterans \[[@B1]\].

Also, a previous study in type 2 diabetes mellitus (T2DM) patients showed the anti-atherosclerotic effect of BPS, as assessed by carotid intima-media thickness \[[@B2]\]. Another study recently reported that BPS treatment improved pain in diabetic patients with painful peripheral neuropathy \[[@B3]\].

On the other hand, possible beneficial roles for BPS in diabetic nephropathy have been suggested by some animal studies \[[@B4][@B5][@B6]\]. Prostaglandins were shown to alleviate angiotensin II-induced constriction of efferent glomerular arterioles and they attenuated glomerular hyperfiltration \[[@B7]\]. The PGI2 analogue, BPS, was shown to reduce urinary albumin excretion in streptozotocin-induced diabetic rats \[[@B6]\], and in human T2DM patients \[[@B8]\].

Based on previous results, we aimed to evaluate the changes in various cardiovascular risk markers including pulse wave velocity (PWV) and microalbuminuria after treatment with BPS in patients with diabetic nephropathy.

METHODS
=======

Subjects and study design
-------------------------

This was a multicenter prospective, randomized, double-blind, and placebo-controlled trial. [Supplemental Fig. S1](#S5){ref-type="supplementary-material"} shows the study protocol. T2DM patients aged 19 to 70 years with microalbuminuria, assessed at 1 year from study enrollment by 24-hour (30 to 299 mg/day) or spot urine analysis (30 to 299 µg/mg creatinine), were included. There was no change in medication related to diabetes, dyslipidemia, and hypertension for 3 months before enrollment. Exclusion criteria were a history of congestive heart failure or coronary heart disease, a history of any cancer, pregnant or desire to have a baby during the study period, initiation or change in dose of angiotensin converting enzyme inhibitor (ACEi) or angiotensin receptor blocker (ARB) in the previous 3 months, a history of anti-coagulant, anti-platelet, or thrombolytic agents during the previous 3 months, and current use of prostaglandin I2 medication or endothelin receptor antagonist.

We calculated sample size by PASS 2008 (NCSS, Kaysville, UT, USA) with power (1−beta)=0.9 and alpha=0.05. Group sample sizes of 24 and 24 were required to detect a difference of −270.0 from the null hypothesis using a two-tailed two-sample *t* test. Considering possible drop-out and participant distribution between the four study centers, we planned to enroll a total of 80 subjects.

Patients were randomized by permuted block randomization using random numbers and allocated in a 1:1 ratio for the treatment (BPS) and placebo control (PCB) groups. After randomization, patients were prescribed study drugs (BPS or PCB) which were visually indistinguishable. The study drugs were prepared and delivered to each center by Astellas Pharma Korea, Inc. (Seoul, Korea). One tablet contained 20 µg BPS. Patients were administered 2 tablets three times a day (120 µg/day).

Outcome measures
----------------

The primary endpoints were changes in microalbuminuria in spot urine and PWV after treatment with BPS for 24 weeks. Spot urine microalbuminuria was measured strictly avoiding other affecting factors, such as exercise and drinking. Secondary endpoints included changes in body weight, waist circumference, blood pressure, fasting glucose, HbA1c, lipid profile, serum creatinine, vascular cell adhesion protein 1 (VCAM-1), high-sensitivity C-reactive protein (hs-CRP), and adiponectin level.

Only spot urine microalbuminuria, spot urine creatinine, and cardiovascular surrogate markers including VCAM-1, adiponectin, and hs-CRP were performed in the central laboratory of our institute. Other clinical measurements including PWV measurement and chemical laboratory measures (i.e., fasting glucose, hemoglobin A1c \[HbA1c\], lipid profile, and serum creatinine) were performed in each local center.

Statistical analysis
--------------------

Continuous variables are expressed as mean±standard deviation and categorical variables are presented as number (percentage). Continuous variables were compared using the Student\'s *t* test or Wilcoxon rank-sum test. Comparisons between each group according to categorical variables were done using a chi-square test or Fisher\'s exact test (two-tailed). Comparisons between before and after treatment in each group were done using a paired *t* test or Wilcoxon signed rank test. The R software package version 2.15.2 (R Foundation for Statistical Computing, Vienna, Austria; [www.R-project.org](http://www.R-project.org)) was used for statistical analysis. All *P* values were two-tailed, and *P*\<0.05 was considered to denote statistical significance.

Ethical approval
----------------

This study was approved by the Institutional Review Boards of Hallym University Dongtan Sacred Heart Hospital (IRB No. 2013-108), the Catholic University Yeouido St. Mary\'s Hospital, Korea University Guro Hospital, and Sungkyunkwan University Kangbuk Samsung Hospital. Written informed consent was obtained from all patients. During the entire study period, patients were followed for any adverse events that were then reported.

RESULTS
=======

Baseline characteristics
------------------------

A total of 61 patients were enrolled and 52 patients completed the 24-week trial. Baseline characteristics are shown in [Table 1](#T1){ref-type="table"}. Mean age was 53.1 years in the BPS group and 54.6 years in the PCB group. Males comprised 55.6% and 64.0% in the BPS and PCB groups, respectively. The PCB group was more obese at baseline. Baseline body mass index (BMI) and waist circumference were 26.8 kg/m^2^ versus 28.2 kg/m^2^ and 89.7 cm versus 96.4 cm in the BPS and PCB groups, respectively (*P*=0.03 and *P*=0.03). Baseline smoking status, diabetic retinopathy, diabetic peripheral neuropathy, blood pressure, laboratory measures, and concomitant medication status were not different between the two groups ([Tables 1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}). At baseline both PWV and microalbuminuria were not significantly different between the two groups ([Table 1](#T1){ref-type="table"}).

Primary and secondary outcomes
------------------------------

Changes in right PWV were 9.0±162.0 m/sec versus −65.8±209.9 m/sec in the BPS and PCB groups, respectively (*P*=0.16). Changes in left PWV were 35.6±194.5 m/sec versus −59.2±226.2 m/sec in the BPS and PCB groups, respectively (*P*=0.11). Microalbuminuria changed by 14.2±157.0 and 34.5±146.6 µg/mg Cr in the BPS and PCB groups, respectively (*P*=0.63) ([Table 3](#T3){ref-type="table"}). Among secondary outcomes, systolic blood pressure was significantly decreased in the BPS group. Changes in body weight, waist circumference, blood glucose, cholesterol, and cardiovascular surrogate markers were not different between the two groups ([Table 3](#T3){ref-type="table"}).

Additionally, clinical and laboratory parameters were compared before and after treatment in each group ([Supplemental Tables S1](#S1){ref-type="supplementary-material"}, [S2](#S2){ref-type="supplementary-material"}). In the BPS group, waist circumference and HbA1c increased significantly after treatment (waist, 2.8±5.3 cm, *P*=0.01; HbA1c, 0.3%±0.6%, *P*=0.02). And in the PCB group, systolic blood pressure was improved (−7.6±10.0 mm Hg, *P*\<0.01). In both groups, bilateral PWV and microalbuminuria did not change significantly before and after treatment.

Multiple regression analyses were conducted using several models to adjust for possible confounding factors (baseline and change in waist circumference, HbA1c, and systolic blood pressure during treatment), but the results were not significant ([Supplemental Table S3](#S3){ref-type="supplementary-material"}).

Subgroup analysis
-----------------

We additionally performed subgroup analysis for blood pressure and waist circumference. In the high blood pressure group (baseline systolic blood pressure \>120 mm Hg and baseline diastolic blood pressure \>80 mm Hg), microalbuminuria decreased significantly after BPS treatment compared with the PCB group ([Fig. 1A](#F1){ref-type="fig"}). However, changes in bilateral PWV were not seen ([Table 4](#T4){ref-type="table"}). Likewise, in the high waist circumference group (\>95 cm), microalbuminuria decreased significantly after BPS treatment but not PWV ([Fig. 1B](#F1){ref-type="fig"}, [Table 4](#T4){ref-type="table"}). However, this change was not observed in the low blood pressure and small waist circumference groups.

The baseline ACEi/ARB usage group (*n*=29) showed significantly decreased bilateral PWV during the study period compared with the non-ACEi/ARB usage group (right PWV change, −83.0±189.5 vs. 43.7±165.3, *P*=0.01; left PWV change, −64.9±223.0 vs. 59.2±183.1, *P*=0.03). But changes in microalbuminuria did not differ significantly between these two groups (32.2±182.4 vs. 14.3±103.4, *P*=0.66). In the ACEi/ARB usage or non-usage groups, there were no differences between primary outcomes. There were only two patients who had been taking anti-platelet agents during the study period. Additionally, there were no changes in primary outcomes according to smoking status.

Safety
------

There were three severe adverse events seen, and they were only in the PCB group. Those included acute pancreatitis, acute appendicitis, and unstable angina. Other adverse effects were not severe and there was no difference in adverse effects between the two main groups ([Supplemental Table S4](#S4){ref-type="supplementary-material"}).

DISCUSSION
==========

PGI2, an endogenous prostaglandin, is the main product of arachidonic acid, which is primarily produced in endothelial cells of all vascular tissues \[[@B1]\]. PGI2 is involved in complex interactions between vessel walls, blood flow, and platelet function and it is postulated that it antagonizes platelet aggregation and vasoconstriction caused by endogenous thromboxane A2. The mechanisms of its interactions are likely to involve relaxation of vascular smooth muscle cells, inhibition of platelet aggregation, dispersion of platelet aggregates, inhibition of chemotaxis and cell proliferation, inhibition of production and secretion of endothelin, and cytoprotective effects \[[@B1]\].

PWV has been utilized to assess arterial wall stiffness in patients with cardiovascular diseases \[[@B9][@B10]\]. A larger arterial PWV indicates a greater degree of arterial wall stiffness, consistent with atherosclerotic states. There has been little previous report that evaluated the effect of BPS on arterial stiffness in diabetic patients. One previous study \[[@B11]\] did not show any change in hemodynamic variables such as ankle-brachial index and PWV after BPS treatment in patients with diabetic nephropathy and arteriosclerosis obliterans. There were two previous studies which showed a PWV change after BPS treatment in patients with a history of cerebrovascular accidents \[[@B12][@B13]\]. Both studies demonstrated that 3 months of BPS treatment significantly reduced PWV in patients with cerebral infarction. However, both trials showed significant blood pressure reduction in the BPS group, although it is difficult to differentiate an independent BPS effect on PWV. There also have been reports which showed the vasodilatory effect of PGI2 on cerebral blood flow \[[@B14]\]. However, in this study, we could not show any beneficial effect of BPS on PWV. Generally, PWV is easily affected by blood pressure, obesity, and blood sugar level \[[@B15][@B16][@B17][@B18]\]. We assume that the reasons for lack of significant improvement in PWV in our study were: (1) Baseline obesity, particularly waist circumference, was significantly larger in the PCB group, and baseline PWV was slightly higher in the PCB group, though the difference was not significant. On the other hand, systolic blood pressure decreased significantly in the PCB group compared with the BPS group. (2) When comparing variables before and after treatment in each group, waist circumference and HbA1c increased in the BPS group, while systolic blood pressure was decreased in the PCB group.

Diabetic nephropathy is one of the primary diseases of refractory renal failure. It is very important to start treatment in the early stage of the nephropathy. However, any effective drugs other than ACEi have not been reported \[[@B8]\]. The main mechanism is inappropriate dilatation of afferent arterioles, which may induce glomerular hyperfiltration and hypertrophy followed by thickening of the glomerular basement membrane and accumulation of mesangial matrix \[[@B19][@B20]\]. Increased production of thromboxane A2 in the kidneys may be another factor that aggravates the symptoms of diabetic nephropathy, due to inducing platelet aggregation in the glomeruli \[[@B8]\]. BPS may inhibit platelet-derived growth factor-induced mesangial cell growth \[[@B21]\]. Prostaglandins alleviate angiotensin II-induced constriction of efferent glomerular arterioles *in vitro* \[[@B7][@B22][@B23][@B24]\]. Furthermore, they have a very strong inhibitory effect on platelet aggregation, which contradicts the effects of thromboxane A2 \[[@B8]\]. In this study, we could not reproduce the previously reported BPS effect of albuminuria improvement in the general BPS group \[[@B8]\]. One possibility for these results is that metabolic parameters were changed significantly after treatment, as in PWV analysis, although our study was of a relatively short-term design for observing improvement in albuminuria. The improvement of albuminuria in the previous study \[[@B8]\] was observed after 1 year of treatment. Nonetheless, in this study, we performed subgroup analyses and noted a beneficial effect of BPS only in patients with high blood pressure or large waist circumference. Initially, we tried to perform subgroup analysis based on the cutoff value of the standard metabolic syndrome criteria of blood pressure or waist circumference. But overall study subject\'s blood pressures were well controlled and only one patient exceeded systolic/diastolic blood pressure of 140/90 mm Hg. And 10 subjects (four subjects in BPS groups) exceeded 130/85 mm Hg. For that small portion of subjects it was hard to draw significant results. But blood pressure is very important factor that can affect PWV or microalbuminuria. To reflect blood pressure effect as much as possible, we analyzed based on relatively high blood pressure cutoff value within study subjects. Also in subgroup analysis according to waist circumference, we could not find any significant changes in primary outcomes based on abdominal obesity criteria of Korean Society for Study of Obesity (90 cm for men and 85 cm for women). Then we tried to find out a point of inflection and reanalyzed according to value above a certain degree.

Our current study has several limitations. First, as previously explained, despite the randomization process, waist circumference and BMI were not well controlled between the two groups. Second, during the trial, some variables like blood pressure, HbA1c, and waist circumference changed significantly. Third, combined medications like diabetes medications which can affect primary outcomes were not controlled during treatment. Lastly, for measurement of clinical and laboratory parameters, it might be better if measurements were repeated on a different day. However this study presented more specific groups those who might be more beneficial with BPS treatments.

Further studies with a larger number of patients and a longer observation period are needed to confirm the beneficial effects of BPS on arterial stiffness and microalbuminuria.
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###### Baseline Characteristics of Study Subjects

![](enm-34-398-i001)

  Characteristic                    BPS group (*n*=27)   PCB group (*n*=25)   *P* value
  --------------------------------- -------------------- -------------------- -----------
  Age, yr                           53.1±9.4             54.6±12.5            0.61
  Male sex                          15 (55.6)            16 (64.0)            0.74
  Smoking                           5 (18.5)             7 (28.0)             0.63
  Diabetes duration, yr             8.0±5.7              6.4±5.7              0.33
  Diabetic retinopathy              8 (29.6)             4 (16.0)             0.40
  Diabetic peripheral neuropathy    8 (29.6)             8 (32.0)             1.00
  Body weight, kg                   72.0±16.4            78.7±17.5            0.16
  BMI, kg/m^2^                      26.8±5.2             28.2±4.7             0.03
  Waist circumference, cm           89.7±10.0            96.4±11.4            0.03
  Systolic blood pressure, mm Hg    128.4±10.8           133.6±11.0           0.09
  Diastolic blood pressure, mm Hg   77.9±8.1             78.3±8.2             0.84
  Fasting blood glucose, mg/dL      143.7±37.4           148.3±29.0           0.63
  HbA1c, %                          7.0±1.1              7.4±1.2              0.20
  Total cholesterol, mg/dL          169.4±35.6           156.4±34.3           0.18
  HDL-C, mg/dL                      42.7±8.9             44.8±11.8            0.47
  LDL-C, mg/dL                      101.5±31.1           88.1±26.2            0.10
  Triglycerides, mg/dL              177.4±85.4           185.8±236.8          0.87
  Creatinine, mg/dL                 0.9±0.2              1.0±0.2              0.19
  Right PWV, m/sec                  1,498.9±209.3        1,630.3±326.1        0.09
  Left PWV, m/sec                   1,490.2±227.2        1,622.0±303.7        0.09
  Microalbuminuria, μg/mg Cr        222.7±356.7          182.1±225.3          0.62

Values are expressed as mean±standard deviation or number (%).

BPS, beraprost sodium; PCB, placebo; BMI, body mass index; HbA1c, hemoglobin A1c; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; PWV, pulse wave velocity.

###### Comorbidities and Concomitant Medication
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  Variable                       BPS group (*n*=27)   PCB group (*n*=25)   *P* value
  ------------------------------ -------------------- -------------------- -----------
  History of hypertension        13 (48.1)            18 (72.0)            0.14
  Hypertension medication        11 (84.6)            13 (72.2)            0.40
  RAS inhibitor use              13 (48.1)            16 (64.0)            0.38
  History of dyslipidemia        21 (77.8)            18 (72.0)            0.87
  Dyslipidemia medication        18 (85.7)            15 (83.3)            1.00
  Diabetes medication                                                      
   Insulin                       11 (40.7)            5 (20.0)             0.19
   Metformin                     21 (77.8)            23 (92.0)            0.30
   Thiazolidinedione             1 (3.7)              1 (4.0)              1.00
   DPP4 inhibitor                12 (44.4)            12 (48.0)            1.00
   Sulfonylurea                  13 (48.1)            15 (60.0)            0.56
   Meglitinide                   1 (3.7)              1 (4.0)              1.00
   Alpha glucosidase inhibitor   2 (7.4)              0                    0.51
   GLP1-receptor agonist         1 (3.7)              0                    1.00

Values are expressed as number (%).

BPS, beraprost sodium; PCB, placebo; RAS, renin angiotensin system; DPP4, dipeptidyl peptidase-4; GLP1, glucagon-like peptide-1.

###### Primary and Secondary Endpoints
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  Variable                          BPS group (*n*=27)   PCB group (*n*=25)   *P* value
  --------------------------------- -------------------- -------------------- -----------
  Primary endpoint (post--pre)                                                
   Right PWV, m/sec                 9.0±162.0            −65.8±209.9          0.16
   Left PWV, m/sec                  35.6±194.5           −59.2±226.2          0.11
   Microalbuminuria, μg/mg Cr       14.2±157.0           34.5±146.6           0.63
  Secondary endpoint (post--pre)                                              
   Body weight, kg                  0.6±3.0              0.5±2.3              0.91
   Waist circumference, cm          2.8±5.3              1.6±4.7              0.42
   Systolic blood pressure, mm Hg   1.1±13.8             −7.6±10.0            0.01
   Fasting blood glucose, mg/dL     −5.9±28.1            −7.5±32.6            0.86
   HbA1c                            0.3±0.6              1.5±6.1              0.33
   Total cholesterol, mg/dL         −5.0±26.3            4.7±28.5             0.21
   HDL-C, mg/dL                     0.6±5.5              −1.7±7.4             0.21
   LDL-C, mg/dL                     −6.0±22.2            −1.2±15.2            0.37
   Triglyceride, mg/dL              −17.7±86.2           16.5±52.0            0.09
   Creatinine, mg/dL                \<0.1±0.1            \<0.1±0.1            0.32
   TNF-α, pg/mL                     −0.1±0.8             0.1±0.4              0.25
   Adiponectin, pg/mL               −0.1±1.9             0.5±2.5              0.42
   hs-CRP, pg/mL                    \<0.1±0.2            −0.2±1.2             0.51
   VCAM-1, pg/mL                    −6.6±161.2           18.0±129.9           0.60
   Resistin, pg/mL                  −0.2±2.2             0.1±2.6              0.68

Values are expressed as mean±standard deviation.

BPS, beraprost sodium; PCB, placebo; PWV, pulse wave velocity; HbA1c, hemoglobin A1c; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; TNF-α, tumor necrosis factor α; hs-CRP, high-sensitivity C-reactive protein; VCAM-1, vascular cell adhesion protein 1.

###### Subgroup Analysis of Primary Endpoint According to Blood Pressure and Waist Circumference

![](enm-34-398-i004)

  Variable                                                      BPS group     PCB group      *P* value
  ------------------------------------------------------------- ------------- -------------- -----------
  High BP group (baseline SBP \>120 mm Hg and DBP \>80 mm Hg)                                
   Number                                                       11            9              
   Changes in right PWV, m/sec                                  17.6±191      −90.7±185.9    0.22
   Changes in left PWV, m/sec                                   61.9±230.0    −85.9±203.4    0.15
  Normal BP group (baseline SBP ≤120 mm Hg or DBP ≤80 mm Hg)                                 
   Number                                                       16            16             
   Changes in right PWV, m/sec                                  3.1±144.6     −51.8±226.9    0.42
   Changes in left PWV, m/sec                                   17.6±171.5    −44.3±243.1    0.41
  Large WC group (baseline WC \>95 cm)                                                       
   Number                                                       8             12             
   Changes in right PWV, m/sec                                  −64.4±123.4   −136.6±200.6   0.33
   Changes in left PWV, m/sec                                   9.1 ±162.7    −120.7±219.3   0.15
  Normal WC group (baseline WC ≤95 cm)                                                       
   Number                                                       19            13             
   Changes in right PWV, m/sec                                  39.9±169.1    −0.5±203.9     0.56
   Changes in left PWV, m/sec                                   46.8±209.5    −2.6±225.7     0.54

Values are expressed as mean±standard deviation.

BPS, beraprost sodium; PCB, placebo; BP, blood pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; PWV, pulse wave velocity; WC, waist circumference.
